Abstract: Grind-hardening was done on Steel AISI 1066 with a conventional surface grinder and a corundum grinding wheel, and research was conducted to probe into structures and properties of the hardened layer under varied depth of cut and cooling conditions. Results show that the hardened layer do not change noticeably in their martensitic structures and micro-hardness, which is ranged between 810870HV; But when the depth of cut increased or the dry grinding technique is adopted, the concentration of martensites and carbonides becomes lower, while the amount of residual austenites increases, and the completely hardened zone gets thicker. This conclusion serves as an experimental basis for the active control of properties of the grind-hardened layer of Steel AISI 1066.
Introduction
Grind-hardening is a process, in which the grinding heat is used to raise the local temperature of the surface layer, which has not been quenched hard yet, to Ac3 or above, so as to realize austenization; at the same time, mechanical actions (such as friction, plough and cutting) cause the austenite crystals to deform; and then the rapid cooling realizes their martensitic phase transformation. As this technology realizes the integrated manufacturing of grinding and surface hardening, it conforms to the ideal mode of green manufacturing and clean production; besides, it inhibits the negative effects of the thermal and mechanical actions on the quenched steel when grinding; therefore, it has a very wide prospect of application in grinding and material surface modification engineering [1, 2, 3] .
In 1994 E. Brinksmeier advocated the newtechnology of grind-hardening [4] . Since then, researchers abroad have done experimental research with steels, which are easy to quench and harden. In 1996 E.Brinksmeier et al [2] did experiments of hardening with steels AISIE52100 and AISI4140, under the wet grinding condition, and pointed out that the coolant does not affect the grind-hardening. In 1999 T. Brockhoff [5] did experimental research with tempered steel AISI4140 under the dry grinding condition to probe into the effect of the grinding parameter, the grinding wheel character and the original structure of the material on the depth of hardened layer after grinding. In 2002 L. C. Zhang [6] did hardening experiment with steel AISI4140, using the compressed air as coolant, and probed into the microstructure and its mechanical properties. So far, most researches have been done only on Steel AISI4140, and they did not deal with the law of changes in the microstructures and properties of the hardened layer, which restrains the active control of the characteristics of the grinding hardened layer, and thus retards the practical application of this new technology. Based on experiments, this paper reveals the law of changes in microstructures and properties of Steel AISI 1066 in its tempered state in varied depth of cut and cooling conditions after grind-hardening in order to provide theoretical and experimental data for the active control of the characteristics of its ground hardened layer.
Experimental
The material chosen t is Steel AISI 1066 in the experiment, whose chemical constituents are listed in Table 1 . After grind-hardening, the specimen was cut along the depth of the hardened layer to make test samples, which were inlaid and polished and made into metallographic specimen, that were eroded with a nitric acid alcohol solution. The hardened microstructure was observed with the electronic scanner microscope of Model JXA-840A; the micro-hardness was measured with the Digital Micro-Hardness Tester of Model HVS-1000, and depth of the hardened layer was measured with the metalloscope of Model NIKON EPIPHOT 300. Test samples were taken by cutting with a spark linear cutter, the width equal to the ground width, and the depth is 0.2mm; the structure states was analyzed with the X-ray diffraction instrument of Model. D/MAX-rA.
The experiment results and Discussion
The structure of the hardened layer. It can be seen from the characteristics of the grinding that the surface quenching, which uses the grinding heat, is a short-time process of fast quenching. The hardened structure can be divided into 3 zones in accordance with the temperature field in grinding, from exterior to interior layers, namely: a completely hardened zone 1, a transition zone 2 and a heat-affected zone 3, as shown in Fig.1 . Fig. 1 . Lower-structure photograph of the hardened layer The completely hardened zone. Fig.2 (a) and (b) show the microstructure of the completely hardened zone after dry grinding with the depth of cut 0.4mm and 1.0mm; Fig.2 (c) shows the microstructure of the completely hardened zone after wet grinding with the depth of cut 1.0mm; the corresponding X-ray diffraction patterns are shown inFig.3. It can be seen from the figures that the completely hardened zone is composed of fine homogeneous needle martensites, residual austenites and a little carbides; the martensitic structures does not change noticeably with varied depth of cut and cooling conditions; but when the depth of cut is increased or the dry grinding technique is adopted, the content of martensites and carbides decreases accordingly, whereas the residual austenite content increases correspondingly.
In the process of grinding, the grinding heat raises the temperature of the zone, keeps it above Ac3 and realizes austenization. The austenite crystals get gradually finer from exterior to interior layers in
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Advances in Abrasive Technology IX accordance with the temperature field distribution; from exterior to interior layers in conformity to the stress-strain field distribution, the extent of crystal grain fragmentation and the dislocation density gradually decreases [7] . Therefore, the austenitic state is determined by the combined action of the grinding temperature field and the stress-strain field, and it directly affects the martensitic structures. Under the condition of dry grinding, the grindhardening is a short-time quenching in the given selfquenching condition, and its quenched structure relate is related only to the austenitic state [8] . As the grinding depth increases, the grinding wheel-workpiece contact time prolongs; This heats up the test sample skin and raises its temperature, making austenite crystals grow up quickly one the one hand; on the other hand, it makes the residual strain in austenite crystals accumulate increasingly, the interior sub-boundaries of austenite crystals increase, and the dislocation density also increase, which cancels the negative effect of the coarse austenite crystals on the martensite nucleation rate, keeping a considerable level of valid rate of martensite nucleation. The variation in the grinding depths, therefore, does not evidently affect the martensitic structures in the completely hardened zone. Compared with dry grinding, the wet grinding with the emulsion, which functions to cool down, lubricate and wash away, has less amount of heat trapped on the workpiece surface, so the temperature after austenization of the workpiece surface layer is lower, the austenite crystals are smaller, and the speed of cooling is comparatively faster; but because the abrasive force decreases accordingly, the deformation also decreases, the austenite crystals have fewer sub-grains in them, and the dislocation density is lower. Furthermore, when the depth of cut increases or the dry grinding technique is adopted, as the test sample skin is heated up and its temperature raised, the carbides and alloying elements get dissolved comparatively fully into austenites, increasing their stability, decreasing the velocity of transformation from austenite to martensite, increasing the residual austenite content accordingly, so the content of martensites and un-dissolved carbonides is lower. The transition zone. Fig.4 is the he microstructure of the transition zone. This zone is affected by the heat transferred from the surface layer to the matrix, so its temperature falls between Ac1 ~ Ac3, and it is partly austenized; moreover, because of the quick heat absorption and rapid cooling of the matrix, a mixed structure of fine needle martensites and sorbites troostites is formed here. Under the condition of varied depth of cut and cooling conditions, the microstructure of this zone remains the same; but as the depth of cut and cooling conditions are varied, the temperature gradient does have some difference, and the thickness changes accordingly; hereinto, when the depth of cut is shallow or the wet grinding technique is adopted, the transition zone thickness is also smaller.
Fig.4 Microstructure of the transition zone
The heat-affected zone. In the heat-affected zone on the border between the transition zone and the matrix, the temperature is below Ac1 the ferrolites in the original structure may have recrystallized, forming a tempered sorbite structure; as the grinding depth increases, the thickness increases from 10µm to 40µm; in wet grinding, the thickness of this zone is less than 10µm. 3.2 The hardened layer microhardness Fig. 5 is a distribution curve of the hardened layer micro-hardness under varied depth of cut and cooling conditions. On the base of their changing regularity, they can be classified into 3 zones, namely: the high microhardness zone, the transition zone with rapid changes in hardness, and the low microhardness zone; these correspond to the 3 zones of the hardened layer: the completely hardened zone, the transition zone and the heat-affected zone plus matrix. Under varied depth of cut and cooling conditions, the completely hardened zone microhardness does not change evidently, the hardness being between 810 ~870HV. Fig.5 The hardness distribution curve of the hardened layer This is because, under the condition of varied depth of cut and cooling conditions, the martensitic structure in the completely hardened zone does not change noticeably, and the contribution of the fine crystal strengthening to the micro-hardness is basically the same. According to the hardness superposition principle, the micro-hardness has a direct correlation to the hardness and volume fraction of the martensites, residual austenites and carbides in it. As stated in Section 3.1.1, when the depth of cut increases or the dry grinding technique is adopted, the residual austenite content increases, the content of the martensites and un-dissolved carbonides decreases; but because of the temperature increment in the test sample skin heated up, the carbides and alloying elements in the steel are fully dissolved into austenites, increasing the martensite carbon content after transformation and raising the martensite hardness. Both sides act upon each other. As a result, the microhardness of the completely hardened zone does not change noticeably. The completely hardened zone thickness. Fig.6 is a curve of relation between the depth of cut and the completely hardened zone thickness. It can be seen from the figure that, as the depth of cut increases, the thickness of the completely hardened zone increases accordingly. When the depth of cut reaches 1.0mm, the thickness of the hardened layer is 1.7mm and 0.6mm respectively. The thickness of the hardened zone has a direct correlation to the specific energy transmitted into the workpiece surface. When other grinding parameters are the same, with the depth of cut increases, though the thermal current density and the temperature gradient decrease slightly [5] , the time of heating action gets much longer, so as to increase steadily the specific energy transmitted into the workpiece surface, and increase the area above the temperature Ac3; consequently, after the rapid cooling, the completely hardened zone becomes thicker accordingly. Fig.6 Depth of the completely hardened zone depending on the depth of cut Likewise, in the wet grinding, because of the emulsion's actions such as cooling, lubricating and washing, the amount of heat transmitted into the workpiece is smaller, thereby reducing the specific energy input into the workpiece surface; consequently, the area above the temperature Ac3 is reduced, and the completely hardened zone thickness decreases accordingly.
Conclusion
Under the combined action of the grinding temperature field and the stress-strain field, the varied depth of cut and cooling conditions do not affect evidently the martensitic structure of the grinding hardened layer in the steel AISI 1066.
As the depth of cut increases or the dry grinding is adopted, the content of martensites and carbides decreases, while the austenitic content increases.
The depth of cut and the cooling condition do not evidently affect the micro-hardness of the grinding hardened layer, and the micro-hardness of the completely hardened zone is between 810 870HV.
When the depth of cut increases or the dry grinding technique is adopted, the completely hardened zone becomes thicker accordingly; under the condition of dry grinding with the depth of cut 1.0mm, the thickness reaches 1.7mm.
In practical application, according to the requirement of the grinding hardened layer thickness, the depth of cut and the cooling condition should be selected so as to realize the active control over the characteristics of the grinding hardened layer.
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